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Abstract 
 
The ability to produce stable delamination of thin film multilayer interfaces is a powerful tool 
for studying the interfacial adhesion within microsystems. In this study, a technique involving 
the four-point bending of microbridges was applied to initiate stable interfacial delamination 
within a multilayer system. Microscale pre-notched bridges with clamped-ends were 
machined into an Al/SiN/GaAs multilayer using focus ion beam milling. A square flat-end 
indenter was used to induce bending of the bridge by two contact locations. Bridge failure 
occurred via substrate fracture at the pre-notch, followed by crack deflection, and stable 
interfacial delamination of the SiN/GaAs interface. Substrate fracture and delamination were 
identified within the obtained load-displacement curves as a pop-in and region of linear load 
reduction respectively. 
 
Keywords: thin film multilayer; interface; microbridge; four-point bending; 
nanoindentation; FIB milling  
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1. Introduction 
 
The interfacial adhesion of thin film multilayers is an important factor affecting the 
performance and service life of contemporary microelectronic devices as well as micro-
electrical mechanical systems (MEMS). Delamination of the thin films can lead to significant 
reliability issues. For the design of robust microsystems, the ability to assess a particular 
interface within multilayers, particularly on the microscale, is crucial. Therefore, methods 
capable of isolating and inducing stable delamination events within multilayer interfaces are 
of considerable research importance. 
 
One of the most widely accepted methods used for studying interfacial adhesion within thin 
film multilayers is four-point bending (4PB) [1, 2]. The method has been successfully used to 
evaluate a variety of ‘blanket’ multilayers [3-7]. However, in order to apply load to the 
specimen, the configuration is conventionally applied on the macroscale. Consequently, the 
method is often unable to isolate the microscale interfaces that exist within ‘patterned’ 
multilayers. Top surface [8-10], as well as cross-sectional nanoindentation [11-13] are 
methods that have proven effective at initiating microscale delamination in a variety of thin 
films and multilayers. However, the complex stress state induced in a specimen during an 
indent is accompanied by unavoidable plastic deformation [9]. As a result, the energy 
dissipated by plastic deformation is not easily decoupled from the total work. A ‘test-specific’ 
practical work of adhesion is therefore typically obtained [14]. 
 
  
AC
CE
PT
ED
 M
AN
US
CR
IP
T
ACCEPTED MANUSCRIPT
 
4 
 
Nanoindentation induced deformation of microscale structures fabricated using focused ion 
beam (FIB) milling has been increasingly utilised for investigating the properties of thin films 
[15, 16]. The deformation of a well-defined structure milled into a microscale feature of 
interest, allows the feature to be studied under a simple, quantifiable stress-state. For example, 
microcantilever (MC) bending has been used to investigate the elastic modulus [17], yield 
strength [18], fracture toughness [19, 20], fatigue properties [21], and residual stress [22, 23] 
of thin films. More recently, the fracture toughness of thin films and coatings have been 
assessed by means of micropillar splitting [24], double-cantilever compression [25], as well as 
three point bending of clamped bridges [26, 27]. 
 
A limited number of studies have applied the indentation of fabricated microscale structures 
to investigate interfaces [17, 28]. Matoy et al. [29], Hirakata et al. [30], and Chan et al. [31], 
used notched MC configurations to initiate delamination of SiO/W and SiO/Cu, Sn/Si, and 
Zr/hydride interfaces, respectively. Delamination generally occurred in an unstable manner 
due to the interfaces being orientated perpendicular to the axis of the MCs; prompting the 
development of alternative configurations [32]. 
 
This present work aimed to develop a microscale method capable of initiating stable 
interfacial delamination within a thin film multilayer by effectively miniaturising 
conventional 4PB. FIB milling was used to fabricate microbridges (MBs) within an 
Al/SiN/GaAs multilayer; a system considered typical of those found in microelectronic 
devices. A 4PB configuration was applied using a flat-end indenter in order to induce a linear-
elastic stress state. This resulted in the initiation and deflection of a substrate crack, followed 
by stable delamination of the SiN/GaAs interface. The method is theoretically applicable to 
both blanket and patterned multilayers. 
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2. Methodology 
 
2.1 Specimen preparation 
 
An Al/SiN/GaAs multilayer specimen was synthesized for this study. Adhesion of the 
SiN/GaAs interface was of primary interest as delamination of the passivating SiN film has 
been a critical issue affecting the reliability of GaAs based microelectronics. Amorphous SiN 
film / single crystal (001) GaAs substrate specimens were provided by WIN Semiconductors 
Co. The SiN film was deposited by plasma enhanced chemical vapour deposition (PECVD); 
the details of which can be found elsewhere [8]. An aluminium film was deposited onto the 
SiN film by direct-current magnetron sputtering using an Auto 500 Sputter Coater (HHV 
Technologies. West Sussex, United Kingdom). Deposition was undertaken in an argon 
atmosphere at a base pressure of 4 mTorr, and a power range from 80 to 250 W. 
 
2.2 Machining of microbridges 
 
MBs were milled into the top surface of the specimens using a Scios DualBeam FIB (FEI, 
Oregon, USA). The detailed milling procedure can be found elsewhere [33, 34]. The MBs 
were examined using a 7100F scanning electron microscope (SEM) (JEOL Ltd., Tokyo, 
Japan). The fabricated MBs consisted of an Al layer, SiN layer, and GaAs substrate 
component with side wall heights of hAl, hSiN, hGaAs respectively. SEM micrographs of a 
typical MB are shown in Fig. 1(a); the resultant pentagonal cross-section is illustrated in 
Figure 1(b). MB dimensions, including length, L, and width, W, are summarised in Table 1. 
Wedge-shaped centered pre-notches of height, hnotch, with an included angle of 20°, were 
milled into the substrate component to promote fracture during bending. A milling current of 
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100pA resulted in an average notch root radius of 200 nm. Large fillets, with radii,     , 
ranging from 3-5 μm, were introduced on the clamped ends of each MB to avoid stress 
concentrations. A centrally located blind hole, further referred to as a ‘centring hole’, was 
milled into the top surface of each MB using a low milling current of 50 pA. 
 
2.3 Nanoindentation 
 
Nanoindentation induced bending of MBs was undertaken using a TI900 Triboindenter 
(Hysitron Inc., Minneapolis, USA). Bending was applied under a 4-point configuration using 
a 10 µm square flat-end indenter, whereby the opposite edges of the indenter acted as inner 
contact lines. A schematic of the experimental configuration is shown in Fig. 1(c). Alignment 
of the indenter was achieved by evaluating successive indentation impressions applied to an 
un-milled region of the sample surface. Tilt and rotational alignment of the indenter with each 
MB was evaluated using AFM and corrected using a tilt-stage. Positioning of the indenter on 
each MB was achieved by using the ‘centring hole’ as an optical reference. Indentation on all 
MBs were undertaken at a loading velocity 10 nm/s. 
 
To allow for SEM examination of the MBs through each step of the fracture sequence, 
bending was applied incrementally over two separate indentations. During bending, once a 
particular feature was observed in the P-h data, the indenter was halted and withdrawn. The 
indenter withdrawal points were categorised into 3 distinct groups: withdrawals after a pop-in, 
[W1], withdrawals after a pop-in and subsequent decline in load, [W2], and withdrawals after 
a long term decline in load, [W3]. 
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3. Results 
 
The P-h curves for the 1
st
 4PB of MBs are shown in Fig. 2(a). At low displacements all MBs 
exhibited linear-elastic loading behaviour. At higher displacements all MBs gradually 
deviated from linearity, followed by the occurrence of a significant initial pop-in. Bending of 
MB1 and MB2 was then immediately halted. Loading of MB3 continued at a dramatically 
increased compliance. This was followed by a second significant pop-in, resulting in a load 
drop to approximately 1000 µN. Bending of MB3 was then immediately halted. 
 
SEM examination was used to investigate the deformation behaviour of the MBs after the 1
st
 
indentation. MB1 and MB2 observations were indicative of the typical fracture state after the 
occurrence of an initial pop-in. MB3 observations were indicative of the typical fracture state 
after a second pop-in. Both fracture states are illustrated in Fig. 3(a) and (b). Substrate 
fracture was found to have initiated within the radius of the notch for all MBs. Propagation 
occurred at angles ranging from 0° to 45° from the vertical plane. For example, in MB1, a 
single substrate fracture was observed, terminating at the SiN / GaAs interface (Fig. 3(a)). In 
MB3, two substrate fractures were observed; one terminated at the interface, and the other 
deflected into the interface resulting in a short asymmetric interfacial delamination (Fig. 3(b)). 
An impression was observed on the Al surface of each MB due to the contact of the flat-end 
indenter. Analysis of these impressions indicated that a moderate indenter misalignment of 
0.2 μm occurred during bending of each MB. 
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The P-h curves for the 2
nd
 4PB indentation of MBs are shown in Fig. 2(b). As per the 1
st
 
indentation, displacement of MB1 and MB2 initially demonstrated linear-elastic loading 
behaviour, followed by a gradual deviation from linearity. A significant pop-in occurred in 
both MBs, followed by a linear decline in load. Initial displacement of MB3 resulted in a 
linear increase in load similar to MB1 and MB2. At an approximate load of 1400 µN 
(exceeding the withdrawal load during the 1
st
 indentation), the trend rapidly changed to a 
linear decline in load similar to that observed in MB1 and MB2. These regions were permitted 
to extend for between 300 to 800 nm prior to bending being halted. 
 
SEM examination was used to investigate deformation behaviour of the MBs after the 2
nd
 
indentation. All MB observations were indicative of the typical fracture state after a region of 
declining load was observed. Comparison of the final state with the fracture state after an 
initial and second pop-in was undertaken by considering MB1 and MB3 independently. SEM 
micrographs of both MBs are shown in Fig. 3(c) and (d). In both MBs extensive asymmetrical 
delamination of the SiN/GaAs interface was observed. In MB1, delamination was achieved by 
the initiation and deflection of a second substrate fracture (Fig. 3(c) and (e)). In MB3, the 
delamination depicted in Fig 3(b) had continued to propagate in the same direction along the 
SiN/GaAs interface (Fig. 3(d)). New indentation impressions again indicated an indenter 
misalignment ranging from 0.4 and 1.5 μm respectively. A typical indentation impression is 
shown in Fig. 3(e). 
 
4. Discussion 
 
Correlation of the MB fracture states observed in the SEM micrographs (Fig. 3) with the 
respective P-h data (Fig. 2) allowed for a typical ‘idealised’ fracture sequence and 
corresponding P-h curve to be constructed. In literature, a fundamental analysis of the 4PB P-
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h curves obtained from macroscale specimens is well-established [3, 35]. Nonetheless, it is 
important to investigate the P-h relationship unique to the clamped-end microscale specimens 
in this study. The typical MB fracture sequence, consisting of deformation / fracture steps 
from I to IV, is illustrated in Fig. 4. 
 
During bending, load initially increased linearly with displacement as the MB deflected 
elastically (I). Once the elastic energy stored in the MB exceeded the fracture resistance of 
GaAs, a substrate crack initiated at the root of the notch and propagated towards the 
SiN/GaAs interface. The unstable fracture of the brittle substrate was reflected as a pop-in on 
the P-h curve (II).  Deflection of a substrate fracture into the SiN/GaAs interface also required 
an accumulation of elastic energy. Once fracture deflection occurred, the release of strain 
energy allowed for short term unstable delamination of the interface until a dynamic 
equilibrium between the addition of strain energy and the resistance to delamination was 
reached [35]. The instability associated with fracture deflection and initial delamination was 
also represented by a pop-in (III). 
 
After a dynamic equilibrium was reached the delamination continued in a stable manner. 
Ideally, if a highly symmetrical 4PB configuration was applied, a constant moment would be 
induced in the MB between the inner loading lines. Consequently, the stress-state at the crack 
tip during delamination would be independent of the delamination length. Delamination 
would therefore produce a region of constant load, or plateau, on the P-h curve. If a 
misaligned 4PB configuration was applied and / or delamination occurred asymmetrically, the 
stress-state at the crack tip during delamination would not remain constant. Delamination 
would therefore be reflected as a gradual increase or decrease in load (IV). 
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Uncertainty exists regarding whether substrate fracture and deflection into the interface 
always occurred as a single, or as separate unstable events. If the release of accumulated strain 
energy during substrate fracture was able to exceed the resistance to the deflection, then both 
(II) and (III) would be represented as a single pop-in. Otherwise, further accumulation of 
strain energy would be required for deflection, characterised by a region of increasing load 
prior to an additional pop-in. The initiation of additional substrate fractures was regularly 
preferred over the deflection of an existing substrate fracture, and therefore generated 
supplementary pop-ins. As a result, the P-h curve obtained for a given MB was able to exhibit 
multiple initial pop-ins associated with substrate fractures prior to a final pop-in associated 
with fracture deflection. 
 
The P-h curves for the 1
st
 and 2
nd
 MB indentations agreed well with the ‘idealised’ model in 
Fig. 4, with the exception of two characteristics: (1) non-linear loading behaviour at high 
loads, and (2) a steady reduction in load during delamination. The deviation from linearity 
during loading was attributed to deformation at the clamped-ends of each MB. At each end, 
the applied 4PB configuration induced high tensile bending stresses at the top Al surface. The 
shallow indentation impressions observed on the top surface of each MB demonstrated that 
the amount of plastic deformation associated with indenter contact was negligible. Extensive 
elastic recovery during indenter withdrawal demonstrated that the primary contribution to 
indenter displacement was linear-elastic MB deflection. 
 
The asymmetrical delamination events observed in the MBs always proceeded in the direction 
requiring the smallest angle of deflection for a given substrate fracture. A recent MB bending 
study of a PtNiAl bond coat system revealed that indenter misalignment resulted in fracture 
propagation in the direction of maximum tangential stress [36]. Conversely, in this study, both 
substrate fracture and delamination typically did not proceed in the direction of increasing 
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moment gradient. This indicated that asymmetrical delamination may have been dependent on 
the initiating substrate fracture, which in turn would have be influenced by the 
crystallographic orientation of the single crystal GaAs substrate. As indenter misalignment 
was limited to under 1.5 µm in this work, a near symmetric 4PB stress-state was assumed 
when the length of delamination was small. 
 
The proposed MB 4PB technique has proven to be effective at inducing microscale interfacial 
delamination within a multilayer. The technique provides some distinctive advantages over 
similar microscale methods. Of particular significance is the bending moment distribution 
induced along the MB under 4PB, which allows for the investigation of stable delamination. 
Furthermore, the well-defined MB geometry permits simplified modelling of the deformation 
response. In future studies, the strain energy stored within the MB at a given indenter load can 
be determined analytically by considering the resultant MB deflection. The strain energy 
released during the delamination of an interface can then be derived by evaluating the strain 
energy stored within a unit cross-section of a MB before and after delamination [1]. Other 
than being small, the interfaces found within microelectronics and MEMS are often embedded 
deep within a multilayer structure, and therefore may not be conventionally accessible.  
Adjusting the milled height of a MB as well as the stop position of the notch dictates which 
layers are subjected to deformation and which interface is first exposed to the initiated 
intralayer fracture. The MB machining process therefore offers the ability to isolate and 
potentially delaminate specific embedded interfaces. However, in regards to the technique’s 
applicability to other multilayer systems, two potential limitations must be considered. First, 
in systems containing brittle layers, buckling or fracture of the layer may occur in locations of 
high tensile stress away from the notch. Second, the tendency for an intralayer fracture to 
deflect into or penetrate the interface of interest is governed by the following; 1) the relative 
stiffness of adjacent layers, 2) the toughness ratio between the interface and the opposite 
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adjacent layer, and 3) the angle of the approaching intralayer fracture [37]. Consequently, in 
systems where the interface of interest is tough, the initiated intralayer fracture may always 
preferentially penetrate the interface so that delamination cannot be achieved. 
 
5. Conclusions 
 
The four-point bending of microbridges was developed as a viable technique for initiating 
interfacial delamination within thin film multilayers. The configuration proposed involved the 
loading of FIB milled clamped-end microbridges using a square flat-ended indenter. SEM 
observations showed that delamination of the SiN/GaAs interface was successfully initiated 
via substrate fracture at the notch, followed by fracture deflection. Analysis of the obtained 
load-displacement curves identified substrate fracture and interfacial delamination as pop-ins 
and a region of linear load reduction respectively. The load of delamination decreased with 
increasing delamination length. This was attributed to a moment gradient introduced by 
indenter misalignment and asymmetrical delamination. Nevertheless, a near symmetric four-
point bending stress-state was assumed for small delamination lengths. A significant 
advantage that the four-point bending configuration provides in comparison to similar 
microscale methods is the capability to investigate stable delamination events. This allows for 
an improved understanding of adhesion within the embedded interfaces of both blanket and 
patterned multilayers. 
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Table I 
Dimensions of fabricated microbridges. 
 
 MB1 MB2 MB3 
L (µm) 34.53 34.08 26.56 
W (µm) 3.606 3.438 2.919 
hGaAs (µm) 1.825 2.048 1.334 
hSiN (µm) 0.443 0.443 0.443 
hAl (µm) 0.751 0.751 0.675 
hnotch (µm) 1.276 1.463 0.942 
Rend (µm) 3.338 3.55 4.639 
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Fig. 1. (a) SEM micrographs of a typical FIB-milled MB (MB1) viewed at 45° tilt. Al, SiN, 
and GaAs components are labelled. (b) Indicative MB cross-section. (c) Schematic illustration 
of the 4PB experimental configuration. 
 
Fig. 2. (a) P-h curves for the 1st 4PB indentation of MBs. Bending of MB1 and MB2 was 
halted after a single pop-in was observed [W1]. Bending of MB3 was halted after a second 
pop-in was observed [W2]. (b) P-h curves for the 2nd indentation of MBs. Bending of all 
MBs was halted after a region of linear load reduction was observed [W3]. An asterix symbol 
followed by a dashed-line signifies a pop-in. Features are labelled according to the established 
fracture sequence: (I) linear-elasticity, (II) initiation of a substrate fracture, (III) fracture 
deflection, and (IV) stable delamination of the SiN/GaAs interface.  Fitting lines were 
produced by applying a Butterworth filter to segmented data. 
 
Fig. 3. SEM micrographs of (a) MB1 and (b) MB3 after the 1st 4PB indentation. MB1 shows 
the typical fracture state after a single pop-in was observed [W1]. MB3 shows the typical 
fracture state after a second pop-in was observed [W2]. SEM micrographs of (c, e) MB1 and 
(d) MB3 after the 2nd 4PB indentation. Both MB1 and MB3 show the typical fracture state 
after a region of declining load was observed [W3]. (e) Typical indentation impressions on the 
Al surface of a MB (MB1 post-2nd indent). 
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Fig 4. Indicative P-h curve and fracture sequence during 4PB of MBs. Deformation / fracture 
events include, (I) linear-elasticity, (II) initiation of a substrate fracture, (III) fracture 
deflection, and (IV) stable delamination of the SiN/GaAs interface. Indenter withdrawal 
points, [W1], [W2], and [W3], are indicated. Broken lines refer to the loading / unloading 
curve for when the indenter is withdrawn after an initial and final pop-in. 
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Figure. 2 
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Figure. 3 
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Figure. 4 
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Highlights (for review) 
 A microbridge bending technique is proposed for studying the multilayer interfaces. 
 Method is effective at induce ‘stable’ delamination in microscale interfaces. 
 Mechanism involves fracture at pre-notch, and deflection into SiN/GaAs interface. 
 Delamination corresponded to a region of load decline on load-displacement curve. 
 Simple stress-state in precise geometry gives potential for quantitative analysis. 
